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INVESTIGATION  OF  NEW  M.E.I.  NOZZLE  CASCADES 
FOR  SUPERSONIC  VELOCITIES 


M.  Ye.  Deych,  Doctor  of  Technical  Sciences,  A.  V.  Gubarev, 
Candidate  of  Technical  Sciences,  L.  Ya.  Lazarev, 
Engineer,  and  A.  Dzhagaiunakhan,  Engineer 

Moscow  Energetics  Institute 

Recommendations  are  made  for  the  design  of  nozzle 
cascades  which  are  distinguished  by  high  efficiency 
over  a  wide  range  of  supersonic  velocities.  Resvilts 
of  Investigations  of  new  cascades  are  given  for  Mach 
numbers  from  0.6  to  1.8. 


At  the  present  time  much  attention  Is  being  given  to  the  question 
of  the  application.  In  tiu’blnes,  of  stages  In  which  the  developed  heat 
drops  significantly  exceed  the  critical  drops.  The' application  of  suck 
stages  In  vehicle  turbines,  where  weight  and  size  characteristics  are  ol 
primary  Importance,  holds  particular  promise.  In  addition,  the  ques¬ 
tions  of  efficiency  of  turbines  both  xmder  calculated  and  varying  con¬ 
ditions  play  an  essential  role  In  the  selection  of  stage  types. 

It  Is  known  that  the  efficiency  of  nozzle  cascades  under  varying 
conditions  (with  changing  M  number)  depends  mainly  on  the  shape  of 
the  vane  channels.  Thus,  convergent  cascades  are  usually  character¬ 
ized  by  small  losses  at  subsonic  speeds  and  the  losses  sharply  Increase 
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for  M  >  while  for  divergent  cascades  the  losses  are  small  over  a 
sufficiently  narrow  range  of  supersonic  velocities,  but  they  reach 
high  values  at  transonic  velocities  and  for  M  >  Therefore,  the 
attempts  of  several  authors  to  develop  such  cascades  that  would  have 
steady  efficiency  over  a  wide  range  of  supersonic  velocities  seem 
natural. 

Let  us  consider  some  of  the  properties  of  gas  flow  In  guide  cas> 
cades  at  svperscnlc  velocities.  We  will  write  equations  of  continuity 
and  energy  for  two  control  sections;  a  narrow  one  (cr-cr)  and  one  at 
an  infinite  distance  behind  the  cascade  (2-2)  (Fig.  l) .  Here  we  will 
assume  that  the  flow  parameters  In  these  sections  are  constant: 


er=?,C,sina,. 

Ho*,  I  ^  —  '  fa*.  —  /’» ■  I  * —  1  ^5 
Per  *  ^  *  2  • 


(1) 

(2) 


where  Oicj.  =  arc  sin  o^^/t; 


Oa'  ®  tti  cr  +  "Sqj,; 

6  —  flow-deviation  single . 

Cl* 


Pig.  1. 


Substituting  (l)  Into  (2)  and 
converting  we  obtain: 


=arc  cin 


ibr . , 

Pt 


I  Jis+  1 

X.  2 


X 


(5) 


X  (l  -  y  ^3 ) 

If,  during  the  flow  of  gas 
between  the  control  sections  the 
losses  are  equal  to  zero,  we  obtain 
the  usual  Baehr  formula: 

8;,=  arcsin(^sina,^^-a,^  (3*) 
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Taking  Into  account  losses  Formula  (3)  iW  written  In  the  form: 

2^=arcsin  or 

where  /(i,.,,  C  Is  the  coefficient  of  energy  loss. 

The  subscript  T  refers  to  the  flow  parameters  for  C  “  0.  Prom 

this  It  Is  apparent  that  for  the  given  value  of  (M^^)  the  flow- 

deviation  angle  (6  )  Is  uniquely  associated  with  energy  losses  In 

the  presence  of  flow  expansion,  l.e.,  energy  losses  In  a  variable 

regime  for  M  >  1  are  determined  by  the  quantity  A6  ■  '/.t.* 

cx*  cr 

It  Is  known  experiments  [1]  that  In  divergent  cascades  of  the 
usual  type,  for  M2  <  M^.,  the  flow  outlet  angle  02  "  02,r#  while  accord¬ 
ing  to  Formula  (3»)  It  should  decrease.  Such  constancy  of  the  angles 
Is  determined  by  the  presence  of  a  transverse  cross  section.  Let  us 
dwell  on  this  question  In  more  detail.  We  will  write  the  equations  of 
continuity,  energy,  and  momentum  for  three  control  sections  (Plg.  1): 


^  “* -cr  —  Pi^i  sin  o,  =  f  .^c,  sin  a„ 

(5) 

for  *  ^  ‘  i  k  2  • 

(6) 

A„-/-sin  a,,„ + 

^-(Pd^Pon.) (sin  a,  _  sin  a^or)  =  P.c=  /  sin  a,  + 

(T) 

+  •  sin  a,  =  pjC* •  / •  sin  a,  cos  (a, — a,)  -j-  pj  •  sin  a,. 

where 

■ 

o,  =  arc  sm  -j- . 

Solution  of  this  system  of  equations  makes  It  possible  to  deter¬ 
mine  the  flow  outlet  angle  for  a  divergent  cascade  1 
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tM  (« 


k-pF 


^7l4eft  •«i.«r~(r*— 1) 


K-Pf 


(8) 


and  also  wave  losses: 


‘;w=^- 


tilt')’ 


(9) 


where 


*:-4+i+-i-(i+^)(r-i); 


y'. 


For  T  =  1.0,  these  formulas  convert  to  the  well-known  Stepanov 
formulas . 

Flg\a:*e  2a  shows  a  comparison  of  computational  and  experimental 
results  for  flow  outlet  angles  and  Fig.  2b  shows  the  coiqputed  curve 
for  wave  losses.  It  Is  apparent  that  there  la  satisfactory  coincidence 
between  experimental  data  and  calculation  according  to  Formula  (8) 
for  M2  <  Mj,.  It  should  also  be  noted  that  for  M2  <  M^.,  wave  losses 
eire  very  high.  Thus,  theoretical  analysis  shows  that  the  flow  out¬ 
let  angle  for  a  divergent  cascade  In  the  transonic  region  Is  greater 
than  Indicated  by  Formula  (3*)*  This  explains  the  sharp  rise  in 
losses  In  divergent  cascades  for  M2  <  Consequently,  divergent 

cascades  cannot  In  principle  operate  effectively  In  transonic  regimes. 

Oil  the  other  hand.  In  convergent  cascades  there  Is  observed,  in 


supersonic  regies,  considerable  flow  overexpansion  at  the  back  of  the 
airfoil,  and  an  edge  shock,  as  a  rule,  leads  to  boundary  layer  separa¬ 
tion.  Therefore,  in  convergent  cascades  operating  at  transonic  and 


low  supersonic  velocities.  It  Is  necessary  to  give  the  back  of  the 
airfoil  a  small  curvature,  and  for  M  >  1.2  It  Is  expedient  to  make 
the  back  concave  [2,  3]>  This  leads  to  the  fact  that  losses  are  small 
not  only  at  subsonic  velocities  but  also  at  low  supersonic  velocities 
because  In  the  latter  case  the  degree  of  overexpansion  of  flow  on  the 
back  Is  reduced.  In  this  connection,  the  greater  the  concavity  of  the 
back  of  the  airfoil,  the  greater  the  Mach  numbers  at  which  the  con¬ 
vergent  cascade  will  operate  at  high  efficiency. 

This  method  of  designing  the  cascade  Is  possible  only  to  a  Mach 
number  of  1.4  since  with  an  Increase  In  concavity  of  the  back,  the 
rigidity  of  the  airfoil  over  the  transverse  cross  section  Is  reduced 
and  undercutting  of  the  ^dge  might  occur. 

Therefore,  for  cascades  designed  for  Mach  nvunbers  greater  than 
1.4  the  following  solution  suggests  Itself.  The  expeuislon  ratio  of 
the  vane  channel  Is  selected  somewhat  lower  than  follows  from  the  well- 
known  dependence  T  *  l/q(Mp)  and  the  back  of  the  airfoil  In  the  trans¬ 
verse  cross  section  Is  made  concave.  This  method  of  designing  the 
cascade  makes  It  possible  to  reduce  losses  at  transonic  velocities 
since  their  magnitude  Is  mainly  determined  by  the  parameter  T.  It  Is 
possible  to  determine  two  calculated  Mach  values  for  the  cascade;  one 
Is  determined  according  to  the  expansion  ratio  and  the  other  with 
regard  for  the  concavity  of  the  back  in  the  transverse  cross  section. 
The  efficiency  of  the  cascade  Is  sufficiently  high  over  a  wide  range 
of  Mach  numbers  greater  than  1.0. 

The  table  shows  the  fundamental  geometric  ch£u*acterlstlcs  of  the 
cascades  studied.  Here  M^J,  was  determined  according  to  the  parameter 
T,  and  M^,  was  determined  with  regard  to  the  curvature  of  the  back  In 
the  transverse  cross  section. 


0,S  0.3  i,0  KZ  1.3  1.3  1,3  IJO 

Fig.  2.  a)  variation  of  flow  outlet  angle 
for  divergent  cascades;  b)  wave  losses  in 
cascade  for  T  =  1.28. 

Figure  5b  shows  the  results  of  an  investigation  of  the  Influence 
of  the  shape  of  the  back  of  the  airfoil  on  the  characteristics  of  the 
cascades.  The  airfoils  of  these  cascades  differed  only  in  the  curva¬ 
ture  of  the  back  by-passes  at  the  outlet  section  (Fig.  5^)  •  The  dis¬ 
tribution  of  pressures  along  the  airfoils  in  the  cascades  Indicates 
that  with  an  Increase  In  M  overexpansion  of  flow  Increases  In  cascade 
No.  9  with  a  straight  back  and  the  overexpansion  of  flow  decreases 
in  cascade  No.  11  with  a  concave  back  In  the  transverse  cross  section. 
As  a  consequence,  there  Is  a  variation  in  the  losses  In  these  cascades. 
Actxxally,  for  cascade  No.  9  when  M  >  1.2  the  losses  rise  sharply, 
while  for  cascade  No.  11  a  loss  peak  Is  observed  In  the  range  M  ■»  1.2 
and  for  M  >  1.2  losses  decrease  and  a  minimum  Is  reached  near  M  "*  1.5* 
Also  of  great  Interest  Is  the  dependence  of  losses  on  Mach  nusiber 
for  divergent,  cascades  No.  10  and  12.  As  can  be  seen,  losses  for 
these  cascades  are  the  same  over  the  entire  range  of  Mach  numbers 
Investigated.  Consequently,  for  M  ••  1.0,  losses  In  the  cascade  are 
practically  Independent  of  the  shape  of  the  channel  and  are  determined 
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by  the  parameter  7.  In  addition,  no  Influence  of  the  concavity  of  the 
back  for  M  >  1.0  was  discovered.  This  Is  explained  by  the  fact  that 
the  reverse  curvature  of  cascade  No.  12  Is  concentrated  mainly  In  the 
divergent  part  of  the  channel  while  In  the  transverse  cross  section 
the  back  Is  straight  (Fig.  . 

Figure  4  shows  the  curves  of  losses  In  cascades  designed  with 
small  flow  outlet  angles  (cascades  Nos.  1-8).  In  addition,  for  air¬ 
foils  TS-lVR-1  (cascade  No.  1)  and  TS-lVR-5  (cascades  Nos.  5-8)  the 
concavity  of  the  backs  reaches  1%  and  for  airfoil  TS-lVR-2  (cascades 
Nos.  2-4)  the  concavity  Is  small.  From  the  curves  considered  it  Is 
apparent  that  the  losses  for  all  divergent  cascades  attain  large 
values  at  trsuisonlc  velocities  and  then  sharply  drop.  The  loss  level 
at  transonic  velocities  Is  determined  mainly  by  the  pareuneter  7. 
However,  for  cascade  No.  1  (7  «  1.15)  at  M  •»  10,  smaller  losses  are 
obtained  them  In  cascade  No.  5  (for  7  ■»  1.042).  The  restson  for  this 
Is  that  the  length  of  the  divergent  section  of  the  vane  channel  In 
cascade  No.  1  Is  significantly  smaller  than  In  the  other.  It  Is 
very  Interesting  to  compare  the  curves  for  losses  In  cascades  No.  2 
and  5  for  7  *  1.0.  Thus,  in  cascade  No.  2  (Fig.  4a)  the  losses  are 
almost  constant  (C  ■  656)  In  the  range  of  Mach  numbers  from  0.8  to 
1.5#  and  Increase  for  M  >  1.5,  while  In  cascade  No.  5  the  losses 
Increase  at  the  outset,  reach  a  maximum  at  M  ■»  1.2,  and  then  decrease. 
Minimum  loss  (C  *»  6^)  Is  attained  at  M  »•  1.5.  This  characteristic 
loss  variation  for  cascade  No.  5  as  well  as  for  cascade  No.  11  (Fig. 
5b)  Is  caused  by  the  relatively  great  concavity  of  the  back  of  the 
airfoil  In  the  transverse  cross  section.  It  should  be  noted  that  the 
maximum  loss  for  cascade  No.  5  shifts  somewhat  toward  high  Mach 
numbers  as  compared  with  cascades  of  the  divergent  type. 
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Geometric  Characteristics  of  Cascades 
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Fig.  3.  a)  comparison  of  airfoils 
TS-2PR-4  and  Ts-2VR-5j  b)  Influence 
of  back  shape  of  the  airfoil  In  trans¬ 
verse  cross  section  on  the  character¬ 
istics  of  the  cascades,  l)  cascade 
No.  9  f  =  1.0;  2)  No.  11,  f  »  1.0;  3) 
No.  10,  T  -  1.1;  4)  No.  12,  T  =  1.09. 


Analysis  of  the  cvirves  shows  that  minimum  loss  In  the  cascades 
occurs  at  determined  taking  Into  account  the  concavity  of  the  back 
of  the  airfoil  In  the  transverse  cross  section,  while  losses  at  are 
somewhat  larger.  It  must  be  pointed  out  that  over  the  entire  range  of 
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regimes  the  efficiency  of  the  cascades  developed  was  significantly 
greater  than  for  those  used  previously  In  turbine  construction  [4]. 

Figure  5  shows  the  characteristics  of  cascades  with  large  flow 
outlet  angles.  The  above-mentioned  character  of  the  variation  of 
losses  Is  preserved  for  these  cascades  as  well.  It  should  be  noted 
that  the  length  of  the  divergent  section  of  the  vane  channel  for  these 
cascades  Is  significantly  smaller  than  for  the  cascades  whose  charac¬ 
teristics  are  represented  In  Pig.  4.  As  a  result,  the  level  of  losses 
for  the  same  7  In  transonic  regimes  are  smaller.  It  Is  very  Interest¬ 
ing  to  con5>are  the  loss  curves  for  T  -  1.0  and  7"  -  1.055  In  Pig.  5a* 

As  Is  appau’ent,  losses  In  cascade  No.  15  are  greater  than  In  No.  l6 
over  the  entire  range  of  Mach  numbers  Investigated.  In  this  connection 
the  losses  for  cascade  No.  15  are  practically  constant  and  amount  to 
7-856.  It  is  Interesting  to  con5)are  loss  curves  for  cascades  21  euid  22. 
It  Is  apparent  that  mlnlmvun  loss  for  these  cascades  Is  attained  at 
the  same  Mach  numbers  (M  =  1.6-1. 7),  despite  a  significant  difference 
In  the  7  parameters. 

Figures  5-5  also  show  curves  of  the  variation  of  flow  outlet  angle 
for  certain  cascades.  For  cascades  with  T  =  1.0  (Plg.  5)  the  flow 
outlet  angle  begins  to  increase  at  M  >  1.0  whereupon.  If  for  m  -  1.0, 
a2  «  12°,  then  for  M  »  1.7  the  flow  outlet  angle  reaches  18°.  Such 
a  variation  In  flow  outlet  angle  may  seriously  li^palr  the  operation 
of  the  stage  in  variable  regimes.  For  diverging  cascades  the  flow 
outlet  angles  are  practically  constant  for  M  <  and  begin  to  Increase 
only  for  M  >  I^.  As  a  result,  the  variation  of  the  flow  outlet  angles 
is  significantly  smaller  over  the  range  M  »  1.0-1. 7* 

Figure  6  shows  the  variation  of  the  loss  differences  AC  »  C _  - 

max 

-  Cniin  divergent  cascades  Investigated  with  respect  to  the 
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parameter  T.  Also  shown  (dashed  line)  Is  the  function  At  • 
cascades  used  earlier,  it  Is  apparent  that  the  cascades  studieci  are 
distinguished  from  those  used  earlier  by  the  smaller  yariatlbhs  of 
efficiency  In  variable  regimes.  Analysis  of  the  results  ihdieatei  that 
the  scatter  of  points  Is  due  to  the  difference  of  the  relative  length 
of  the  divergent  portion  of  the  vane  channel  of  the  cascade;  In  this 
connection,  a  large  AC  is  observed  for  cascades  with  a  smallOr  Os^osure 
angle  of  the  divergent  portion  of  the  channel. 


Pig.  4.  Characteristics  of  supersonic  guide 
cascades  with  small  flow  outlet  angles,  a) 

1  -  cascade  No.  1,  T  =  1.13,  concave  airfoil 
back;  2  -  No.  3,  f  -  1.042;  3_-  No.  2,7- 

»  1.0;  b)  1  -  cascade  No.  5,  f  -  1.0;  2  -  No. 

6,  T  -  1.06;  3  -  No.  7,  7  -  1.10;  4  -  No.  8, 

**  X •  2o • 
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Pig.  5.  Characteristics  of  supersonic  direct¬ 
ing  cascades  with  large  flow  outlet  angles. 

a)  1  —  cascade  No.  15»  f  ■  1.0,  concave  airfoil 
back;  2  -  No.  l6,  T  =  1.055#  concave  airfoil 
back;  3  -  No.  17,  T  ■  1.13,  concave  airfoil 
back;  4  -  No.  18,  T  =>  1.24,  concave  airfoil 
back;  b)  1  -  cascade  No.  19,  7”  -  1.0,  concave 
airfoil  back;  2  —  cascade  No.  20,  T  ■  1.02, 
concave  airfoil  back;  3  —  No.  21,  T  -  1.07# 
concave  airfoil  back;  4  —  No.  22,  7.  ■  1.20, 
concave  airfoil  back. 


Figure  6  shows  the  variation  of  losses  In  cascades  versus  Oi  * 
-  arc  sin  for  the  calculated  Mj.  value.  It  Is  apparent  that  all 

of  the  experimental  points  lie  quite  close  to  a  single  curve.  In 
addition,  losses  at  the  calculated  for  ai  d*  8®  amount  to  7^  and 
decrease  with  an  Increase  In  oi  cr  1*®^  ®i  cr  "  ^4®  they  amount  to 
4-556.  It  should  be  noted  that  In  cascades  which  are  In  use  at  the 
present  time,  losses- reach  6-756  for  oi  cr  "  12-14®  for  the  calculated 
Mach  value  M^. 
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Fig.  6.  a)  Influence  of  paranster  T  on 
quantity  AC  -  Cnax  "  Cninl'*)  Influence 
of  oi  cr  *  0^0  Bln  tm  loasea  In 

divergent  cascades  In  calculated  reglnes. 


Conclusions 

Theoretical  analysis  and  test  results  Indicate  that  divergent 
cascades  cannot  In  principle  operate  efficiently  In  transonic  reglws.  ' 
In  addition,  the  loss  In  transonic  regimes  Is  clearly  defined  by  the 
difference  Oa  ot  cr* 

.  V 

Convergent  cascades,  from  the  point  of  view  of  operation  at  vari¬ 
able  regimes  both  at  transonic  and  svqpersonie  velocities  up  to  N  ■  l.t# 
in  principle  prove  to  be  much  better  that  divergent  cascades.  In  this 
connection.  It  Is  necessary  to  make  the  back  ccncavs-  since  such  a 
shape  of  the  back  reduces  the  probability  of  flow  breakaway  behind 
the  compreBBion  shock  which  arises  as  the  result  of  the  overfopanslon 
of  the  flow  on  the  back  of  the  profile.  As  is  known,  the  flow 
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;ih»  shook  Is  deflected  fvcn  the  wall  and  If  the  wall  Is  def looted  In 
the  sane  direction,  the  probability  of  breakaway  is  reduced. 

For  N  >  1.4-1.5«  convergent  cascades  cannot  be  asule  with  a  con¬ 
cave  back  due  to  undercutting  of  the  edge.  Tests  have  shown  that  for 
M  >  1,5  the  use  of  divergent  cascades  is  expedient.  However,  the 
expansion  ratio  nuat  be  considerably  smaller  than  calculated  and  it  is 

f 

ejQMdlent  to  make  the  back  of  the  profile  concave.  As  a  result,  such 
cascades  yield  relatively  small  losses  in  the  calculated  regimes  (for 
Mw  l.O)  and  are  distinguished  by  high  efficiency  over  a  relatively 
wide  range  of  svqper sonic  regimes. 

Losses  in  divergent  cascades  under  transonic  conditions  are 
determined  both  by  the  expansion  ratio  of  the  vane  channel  and  by  the 
angle  of  exposure  of  the  divergent  portion  of  the  channel.  Losses 
decrease  with  an  Increase  in  the  angle  of  exposure. 
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luSADQUAR^RS  USAF 

AFCIN-3D2 
ABL  (ARB) 

OTHER  AGENCIES 


AFSC 

SCFDD  1 
ASTIA  25 
IDBTL  ^ 
TDBDP  5 


1  AEDC  (AST)  1 

1  SSD  (SS?)  2 

BSD  (BSP)  1 

AFFPC  (m)  1 

APSWC  (SHF)  1 


CIA  1 

MSA  6 

DIA  9 

AID  2 

OTS  2 

ABC  2 

PWS  1 

NASA  1 

ARM!  3 

.  NAVY  3 

RAND  1 

POE  12 

NAFBC  1 
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